Seventeen nonlactating Holstein cows were superovulated in a Latin-square designed experiment to determine the effects of increased propylene glycol (PROP) and luteinizing hormone (LH) during antral follicle development on ovarian function, fertilization, and early embryo quality. PROP was orally drenched every 4 h for 7 days to induce hyperinsulinemia and associated metabolic changes. LH concentrations were altered by increasing LH (3-fold) during last 2 days of superovulation. Treatment groups were as follows: (1) control-oral drenching with water plus low-LH preparation; (2) high LH(HLH)-water plus HLH preparation; (3) PROP-drenching with PROP plus low LH; (4) PROP/HLH-PROP plus HLH. PROP increased glucose (P < 0.05) and insulin (P < 0.02) concentrations at all time points analyzed. Neither PROP nor LH affected numbers of follicles > 9 mm at time of gonadotropin-releasing hormone-induced LH surge, although percentage of these follicles that ovulated was decreased by both PROP (P = 0.002) and LH (P = 0.048). In addition, PROP tended (P = 0.056) to decrease total number of ovulations. PROP reduced (P = 0.028) fertilization rate, while LH tended (P = 0.092) to increase fertilization rate. There was no effect of either PROP or LH on any measure of embryo quality including percentage of embryos that were degenerate, quality 1, or quality 1 and 2 of total structures collected or fertilized structures. These results indicate that acute elevation in insulin during the preovulatory follicular wave can decrease percentage of large follicles that ovulate, particularly when combined with increased LH, and reduce fertilization of ovulated oocytes.
Introduction
There are results from studies of humans and other mammals indicating that hyperinsulinemia and insulin resistance can produce detrimental effects on ovulation, fertilization, and embryo development. For example, in women, polycystic ovarian syndrome (PCOS) is a heterogenous reproductive disorder that has been estimated to affect up to 15% of the female population, depending on diagnostic criteria [1] . Diagnosis is based on the presence of hyperandrogenaemia, polycystic ovaries, and/or menstrual disturbances [2] [3] [4] . In addition to these diagnostic features, there are metabolic abnormalities associated with this syndrome, such as hyperinsulinemia and insulin resistance. Increased incidence of early pregnancy loss and reduced live birth rate has been reported in women with PCOS [5, 6] and/or insulin resistance [7] . Meta-analyses of randomized -controlled trials indicate that treatment with metformin, an insulin sensitizer often used to aid in the treatment of PCOS, can increase pregnancy and live birth rates in women undergoing ovulation induction with gonadotropins [8] . Thus, there is some clinical evidence that hyperinsulinemia can reduce reproductive efficiency in some circumstances.
Animal studies also suggest an adverse effect of elevated insulin on oocyte and embryo quality. Although serum insulin concentrations were not directly analyzed, a study by Yaakub et al. [9] found that feeding an insulinogenic diet before and during a superovulatory protocol decreased early embryo quality in superovulated cows. Additionally, overfeeding sheep for 8 weeks prior to oocyte collection, which resulted in an increase in circulating insulin concentrations, led to oocytes that, after in vitro fertilization (IVF), exhibited reduced cleavage rates and embryonic development to the morula and blastocyst stages [10] . These data imply that excessive exposure to insulin or insulin resistance is having negative impacts during oocyte development and maturation or possibly early embryo development, rather than during later stages of pregnancy.
Also noteworthy is the research that has shown that the incidence of increased concentrations of luteinizing hormone (LH), increased LH to follicle-stimulating hormone (FSH) ratio, and altered LH pulse patterns are observed in PCOS patients [11] [12] [13] [14] . Several earlier studies have shown that there is a positive correlation between preovulatory circulating LH concentrations and miscarriage rate in human patients [15] [16] [17] [18] . It has also been shown in humans that embryos from oocyte donors with increased basal LH have a higher incidence of abortion [19] , and that oocyte fertilization rates are decreased during IVF of patients with increased basal LH concentrations [20] . It was hypothesized by Homburg et al. [15] and Regan et al. [16] that this effect was due to an overstimulation of the oocyte, leading to ovulation of an "aged" oocyte that would have lower developmental competency and might be the cause for the increase in miscarriage. However, more recent work has not found this same correlation between increased LH concentrations and increased miscarriage rates/lower pregnancy rates [21] [22] [23] [24] [25] .
The concept of an aged oocyte that is compromised in its developmental potential is consistent with research performed in lactating dairy cows. High-producing dairy cows exhibit decreased circulating estradiol (E2) and progesterone (P4) concentrations [26, 27] when compared with heifers or nonlactating cows [28] . This is probably due to the high feed intake and elevated liver blood flow associated with high milk production leading to increased hepatic metabolism of these steroid hormones [29] . The reduction in P4-induced negative feedback on the hypothalamus results in an increase in LH pulses during follicular development [30] . In addition, the dominant follicle must grow to a larger size to produce sufficient circulating E2 concentrations to trigger the gonadotropin-releasing hormone (GnRH)/LH surge. Both of these changes can result in release of an oocyte that has been exposed to increased numbers of LH pulses for an extended duration. Oocytes collected from this type of cow have been found to have prematurely continued through germinal vesicle breakdown and restarted the cell cycle preparatory to the completion of meiosis [31, 32] , an event that should not ensue until the preovulatory LH surge has occurred. Conception rates in high-producing dairy cows are reduced compared to nonlactating dairy heifers, especially when females are allowed to ovulate to an endogenous E2-induced GnRH surge [33] .
Thus, there is some evidence that insulin and/or LH during the final stages of follicle development can reduce fertilization or subsequent embryo quality. This study was designed to test the effects that acute hyperinsulinemia, produced by propylene glycol (PROP) drenching, and increased LH concentrations during the preovulatory follicular wave will have on oocyte quality as determined by fertilization and early embryo quality. It is hypothesized that either PROP (and the associated increase in insulin and other metabolic changes) or LH will negatively affect the oocyte and that the concurrent treatments will be particularly detrimental. To have sufficient statistical power to test these effects, a superovulatory protocol was utilized to evaluate sufficient numbers of ovulations, fertilizable oocytes, and early embryos using a statistically powerful Latin-square experimental design so that all cows were evaluated during all treatments.
Materials and methods
All cows used in this experiment were provided by the University of Wisconsin-Madison dairy herd. All procedures applied were approved by the Animal Care and Use Committee for the College of Agriculture and Life Sciences of the University of WisconsinMadison.
Experiment 1-preliminary study
In a preliminary study, eight pregnant, lactating Holstein cows were housed in individual tie stalls, milked twice daily, and fed an ad libitum diet formulated to meet the needs of lactating cows. Half of the ration was offered at 9:00 and 21:00, and the remaining feed was removed at 3:00 and 15:00. Milk production and daily dry matter intake were recorded for each cow. Jugular blood samples for hormonal and glucose analyses were collected from cows every 6 h during the experiment, which coincided with feeding/feed removal. Additionally, cows were orally drenched every 6 h, again coinciding with feeding/feed removal but always administered after blood sampling. Four drenching treatments were utilized: water-300 ml of water every 6 h; 150 × 4-150 ml of 100% PROP every 6 h;300 × 2-300 ml of PROP 3:00 and 15:00 and 300 ml of water at 9:00 and 21:00; 300 × 4-300 ml of PROP every 6 h. On the second and fourth days of drenching, intensive blood samples were taken from 9:00 until 18:00. Intensive samples consisted of sampling, drenching, and feeding at 9:00, followed by blood samples at 10, 20, 30, 60, 90, 120, 180, 240 , and 300 min. The process was repeated starting at 15:00, except that feed was removed at 15:00 instead of feed being offered to the cows. Experiment 2-superovulation with or without increased LH and/or propylene glycol Animals/randomization Seventeen nonlactating, nonpregnant Holstein cows were utilized for this Latin-square design experiment. Animals were listed according to ascending ear tag number and randomized to treatments using the lsrandom program of SAS (SAS Inst. Inc., Cary, NC). Because this experiment was done utilizing a Latin-square design, animals went through each of the four treatments (see below) once. Also utilizing the lsrandom of SAS, the succession of treatments applied to cows was randomized.
Cows were housed in individual tie stalls. During the weeks when cows were not being superstimulated, they were let out into a concrete yard for ∼1 h each day. Cows had ad libitum access to water at all times, and were fed a diet based on corn silage, grass hay, straw, and a mineral/vitamin premix that was formulated to meet all nutrient requirements. Cows were weighed at the initiation of the study and maintenance needs were determined according to the NRC formula for nonlactating, nonpregnant cows with minimal physical activity [34] . Cow weights were measured weekly and body condition scored every other week, thereby allowing continual adjustment of feeding amounts to prevent gain or loss in body condition or weight over the course of the experiment, due to potential effects of body condition on reproductive measures [35] [36] [37] .
Treatments
Four treatments were utilized in this experiment. After evaluation of results from the preliminary experiment, it was decided to drench cows more frequently (every 4 h instead of 6 h) due to the rapid return (∼2 h) to predrenching concentrations of insulin. However, in order to prevent any potential PROP toxicity [38] , the amount of PROP administered at each drench was 200 ml. Control cows were orally drenched with 200 ml of water every 4 h. Drenching with water or PROP started 8 h after follicular ablation and continued until 24 h after administration of the ovulatory GnRH (∼7 days; see below for treatment protocol). Additionally, control cows received an FSH product, derived from porcine pituitary glands, which consisted of 75% pFSH and 25% pLH (Flex H; Minitube of America, Inc., Verona, WI) for superstimulation. High LH (HLH) cows were also drenched with water identically to control cows. However, HLH cows received Flex H for the first four out of eight injections of the superstimulation protocol. The remaining four injections were an FSH product that contained 50% pFSH and 50% pLH (Pluset, Minitube of America, Inc.). Injections of Pluset were administered so that amounts of FSH given to animals at each injection were identical; only the amounts of LH that were administered differed between treatments. Thus, during the latter half of the superstimulation, HLH cows received three times the amount of LH as control cows. It should be noted that provision of 705 IU of FSH equals 26 mg of FSH, based on the Parlow pFSH standard. Provision of 353.5 IU of LH equals 0.62 mg of LH, whereas 235 IU of LH equals 0.41 mg of LH (66% of the high LH amount). PROP cows were drenched at a frequency and for a duration identical to control and HLH cows; however, these cows received 200 ml PROP (ScienceLab.com, Inc., Houston, TX) rather than water. These cows were administered Flex H for the course of the superstimulation, identical to control animals. PROP/HLH cows received 200 ml PROP every 4 h, identical to PROP cows, and Flex H/Pluset identical to HLH cows.
Blood sampling/ovarian ultrasound
Serum and plasma samples were collected from the jugular vein into evacuated tubes with clot activator (Vacuette, Greiner Bio-One North America Inc., Monroe, NC) or potassium oxalate and sodium fluoride (Becton, Dickinson and Company, Franklin Lakes, NJ) as a glycolytic inhibitor, respectively. Serum samples were allowed to clot at 4
• C for 24 ± 4 h before centrifugation, while plasma samples were centrifuged immediately after collection. All samples were spun at 4
• C at 1610 × g for 20 min. Periodically, serum samples would not compress sufficiently and were spun again in 20 min increments up to 60 min until sufficient compaction had occurred and enough serum was obtained. The resulting serum and plasma was stored at -20
• C until analyzed for insulin, P4, E2, and anti-Müllerian hormone (AMH), and glucose, respectively. Plasma samples for glucose were analyzed using a glucose oxidase/peroxidase method [39] that had been adapted and validated for performance in a 96-well plate (Hackbart KS, unpublished) . Any sample with an intrasample coefficient of variance greater than 5% was reanalyzed. Insulin samples were analyzed using a porcine insulin RIA kit (Cat# PI-12K, EMD Millipore, Billerica, MA) that has been previously validated in our laboratory for use with bovine insulin [40] . Progesterone was analyzed using a validated [28, 40] RIA-based kit (Coat-A-Count, Siemens Healthcare, Malvern, PA). Estradiol was analyzed using an RIA-based kit (Estradiol Double Antibody, Siemens) as previously described and validated [28, 40, 41] using steroid-free serum for the standards. Samples for AMH were analyzed by Minitube of America as previously described and validated [42] .
Ovarian ultrasound was performed transrectally. During the presynchronization prior to each superstimulation protocol, ovarian structures were analyzed using either an Aloka 500 V with a 7.5 MHz linear-array transducer (Corometrics Medical Systems, Wallingford, CT) or an Ibex Pro with a 7.5 MHz linear-array transducer (E. I. Medical Imaging, Loveland, CO). Observations taken at these time points were not for data analysis, but rather for researchers to be assured that cows were synchronized properly. Thus, sizes of ovarian structures were estimated based on ultrasound-provided grids. During the superstimulatory protocol, as well as after ovulation and prior to flushing, ultrasound was performed using an Aloka SSD-900 with a 7.5 MHz linear-array transducer (Corometrics Medical Systems). At these times, files of the ultrasound videos were recorded for later analysis. For analysis of numbers of CLs present at the time of uterine flushing, CLs were counted but not measured. For follicle numbers and size prior to the ovulatory GnRH injection and after ovulation had occurred, videos were frozen when follicles were judged visually to be at their maximal size and two perpendicular measurements were taken and averaged to determine the number of follicles equal to or greater than 9 mm.
Estrous cycle synchronization/ovarian superstimulation
The reproductive cycle of cattle is normally standardized to the day of estrus and the LH surge or the day of ovulation (∼day 1 after estrus). In this trial, all cows were presynchronized to be on day 0 of the cycle (day of LH surge induced by GnRH; similar to onset of estrus). The presynchronization protocol was a modified Ovsynch protocol using 100 μg GnRH (gonadorelin diacetate tetrahydrate; Cystorelin, Merial LLC, Duluth, GA) administered im at a random stage of the estrous cycle, followed by insertion of an intravaginal P4 implant (CIDR; Eazi-Breed CIDR, Pharmacia & Upjohn Co., Kalamazoo, MI) 1 day later, with im administration of 25 mg PGF 2α (dinoprost Cows were presynchronized as defined in the text by a modified Ovysnch protocol (GnRH-1d-CIDR-6d-PGF1d-PGF&removal of CIDR-2d-GnRH); final GnRH is shown at the start of the timeline (D-6). Follicle ablation of all follicles > 5 mm (Foll. Abl.) was done on D0 and CIDR inserted on day 1. At 36 h after Foll. Abl., treatments with Pluset began at 12 h interval (four FSH injections with same LH content in all cows). Four final FSH treatments were also given at 12 h intervals in all cows but with additional LH for cows in the HLH treatments. In addition, PGF (25 mg dinoprost) treatment was done on D3 and D4 at the PM treatment. On D6 in the AM, all cows were treated with GnRH to induce ovulation and artificial insemination (AI) was done on D6 in the PM and D7 in the AM. Cows were also treated with 200 ml propylene glycol (PROP) or 200 ml of water (control) every 4 h starting at 8 h after Foll. Abl. until time of second AI. Embryos were then flushed at 7 days after the first AI (D13), Foll. Abl. was performed, cows were treated with PGF, and cows received a CIDR. Cows were further treated with half a dose of PGF (12.5 mg dinoprost; 0.5 PGF) on D14 in the AM and PM to assure regression of all CL. The CIDR was removed on D20 (7 days after Foll. Abl.) and 2 days later (D22) GnRH was given, corresponding to the GnRH treatment at the beginning of the treatment protocol (second period). All cows went through the protocol four times and thus received all four treatments (with or without HLH and with or without PROP) in a Latin-square design. Table 1 . FSH and LH dosages applied to nonlactating Holstein cows to induce superovulation and to create "low LH" versus "high LH" treatment groups. tromethamine; Lutalyse, Pfizer Animal Health, New York, NY) 6 and 7 days after the initial GnRH, and removal of the CIDR at the time of the second PGF 2α treatment. Therefore, at the time of treatment with GnRH (2 days later), the cow was at a stage of the cycle similar to estrus, with no CL and a dominant follicle that ovulated in response to GnRH in almost all synchronized cycles (95.6%). Ovulation was determined by ovarian ultrasound, 4 days after this GnRH injection, and in cows without a CL (n = 3 during entire experiment; 4.4%), a CIDR was inserted to elevate circulating P4 during the protocol. The day after ultrasound (day 5 after GnRH), beginning at 20:00, cows started on a three time/day feeding schedule. This consisted of removing feed (if present) at 20:00, 4:00, and 12:00, and feeding one-third of their daily ration at 0:00, 8:00, and 16:00. Thus, cows were fed every 8 h, allowing a tighter regulation of glucose and insulin fluctuations during the experiment. This feeding regime continued for 8 days, concluding at 16:00 on the day of the second artificial insemination (see below). Six days after GnRH treatment to initiate the cycle, cows began the treatments to synchronize the follicular wave and superstimulate follicle growth (Figure 1 ). All cows underwent follicular ablation with ultrasound-guided aspiration of any follicles ≥ 5 mm (considered day 0 of the protocol). This was done to induce a new follicular wave. Any cow that did not have a CL (n = 3) received a second CIDR at the time of aspiration and all cows received a CIDR the following morning. These treatments were done to normalize and elevate the circulating P4 in all cows, since these treatments serve to optimize outcomes in superovulation protocols in cattle [43] . Beginning 8 h after follicular ablation, the 4-h oral drenching routine described in the Treatments section was initiated. The following morning at 8:00 (day 1), cows underwent the first day of intensive sampling. This included blood sampling, drenching, and feeding at 8:00, blood sampling at 8:30 and 10:00, blood sampling, drenching and removal of feed at 12:00, and blood sampling at 12:30, 14:00, and 16:00. Blood samples collected at 8:00, 12:00, and 16:00 were taken before drenching and feeding/removal of feed. This pattern of intensive sampling was performed on days 1 and 5.
At 20:00 on day 1, cows received the first treatment with FSH and treatments continued every 12 h at 8:00 and 20:00 until day 5 (eight FSH treatments). The dosage of FSH and LH are shown in Table 1 . On day 3, at 20:00, all cows were administered 25 mg of PGF 2α . For cows that had no CL, one of their three CIDRs was removed. On day 4, all cows were again administered 25 mg PGF 2α at 20:00. Cows that still had two CIDRs also had a second CIDR removed, so that all cows now had one CIDR still in place. The following morning at 8:00, CIDRs were removed from all cows. This coincided with the last injection of FSH given on day 5. The following morning, day 6, at 8:00, cows received a 100 μg GnRH treatment. Cows were artificially inseminated at 20:00 on day 6 and at 8:00 on day 7 by one of three experienced technicians. Cows had been previously mated to one of four bulls selected for this experiment, and all cows were bred to the same mated bull for all four periods. Day 7 at 8:00 was also the last oral drench, and cows were returned to their twice a day feeding regime.
On day 13, cows underwent nonsurgical uterine flushing. After flushing, any follicles ≥ 5 mm were ablated, and a CIDR that had been previously used for 5 days was inserted. Later that evening, all cows were administered 25 mg of PGF 2α . The following day, cows received two doses of 12.5 mg PGF 2α : one in the morning and one in the evening. Insertion of the used CIDR on day 13 corresponded to the insertion of the used CIDR at the beginning of the synchronization (28 days previously) and indicated the start of the next period. Cows were then resynchronized, as described above, three additional times to create four periods. For each period, animals were assigned to a different treatment group.
Uterine flushing/embryo evaluation
Uterine flushings were performed similarly to that described by Hackbart et al. [44] with the following differences: cows had both uterine horns flushed, each with 1 l of flushing media. Additionally, after flushing the second horn, the catheter was pulled back to the cervix and the entire uterus was filled with fluid. This fluid was allowed to remain in the uterus for a minimum of 30 min before cows underwent a whole-uterine flushing, again with another liter of media, as previously described [45] .
Flushing media was composed of sterile Lactated Ringer's Injection Solution, USP (Hospira, Inc., Lake Forest, IL) + 0.3% poly(vinyl alcohol) (Sigma, St. Louis, MO). Ten milliliters of an antibiotic cocktail containing 10 000 units/ml of penicillin and 10 mg/ml streptomycin (Sigma) were added per liter of flushing solution. Media collected from the cow was strained through a Miniflush embryo collection filter (Minitube of America Inc.) to collect structures that were then graded according to the International Embryo Transfer Society's guidelines. All structures were evaluated by a single technician (KSH), who was blind to cow and treatment identity until all grading was completed.
Statistical analysis
Glucose and insulin values were analyzed using the MIXED procedure (SAS Inst. Inc.) with repeated measures. Insulin treatment, LH treatment, and time were used as fixed effects, while cow and period were used as random variables. Because neither the raw data nor transformations of the data met assumptions of normality, values were ranked prior to analysis. In order to compare between days of intensive sampling, contrasts were used to determine if duration of treatment had an effect on glucose, insulin, and homeostasis model assessment of insulin resistance (HOMA-IR) values. The HOMA-IR, a measure of the insulin sensitivity of an individual, was calculated according to the formula presented by Matthews et al. [46] :
[Insulin (units/ml)]/(22.5e
or more simply:
AMH concentrations prior to treatment initiation, E2 concentrations at the time of the ovulatory GnRH injection, and P4 values at the time of uterine flushing as well as all ovarian and embryo measures were analyzed with the MIXED procedure of SAS. Insulin treatment and LH treatment were utilized as fixed effects, whereas cow and period were used as random effects. Because the residuals of the embryo data were not normal (P < 0.05), these values were ranked prior to analysis. Correlations were done using each individual flush (four/animal) using the CORR procedure in SAS. For all measures, a significant effect was defined as P ≤ 0.05 and a tendency for an effect was designated at P ≤ 0.10.
Results

Experiment 1 (preliminary study)
Orally drenching cows with PROP produced a pronounced, rapid increase in circulating insulin concentrations to more than twice the concentrations measured prior to drenching (Figure 2 ). Insulin concentrations increased by 10 min after drenching. Insulin peaked at 20-30 min after drenching and then gradually decreased during feed withdrawal. Concentrations returned to predrenching values by 2 h after drenching in cows that were not fed ( Figure 2, upper graphs) . Interestingly, PROP also rapidly increased insulin concentrations when administered at the same time as feeding (Figure 2, lower graphs) ; however, the PROP groups experienced a second peak of insulin at ∼2 h postfeeding that was independent of PROP and related to feeding. There was no initial peak of insulin in cows drenched with water, only the second peak at 2 h after feeding (Figure 2) .
There was an increase in glucose concentrations due to PROP treatment in cows given PROP either without (Figure 3 , upper graphs) or with ( Figure 3, lower graphs) feeding. On the other hand, concentrations of glucose decreased in response to feeding, with a nadir at ∼2-3 h after feeding, coinciding with the feed-induced peak of insulin (Figure 3 ).
Experiment 2
Insulin profiles for all four treatment groups are shown in Figure  4 . There was no effect of LH treatment on insulin concentrations (P = 0.666), and therefore PROP and PROP/HLH are combined as PROP cows versus the combined groups of HLH and control cows as water cows. Drenching with PROP in conjunction with feeding (0 h) increased (P < 0.05) circulating insulin, ∼3.5-fold on day 1 and 5-fold on day 5 at 30 min after drenching. Insulin concentrations subsequently decreased but had not returned to pretreatment concentrations by 2 h after drenching. In the absence of feeding, PROP increased (P < 0.0001) insulin; however, by 2 h after drenching, insulin had decreased to concentrations near the concentrations observed in cows drenched with water. Insulin concentrations continued to decrease until 4 h after treatment. There was an effect of day (P < 0.001) on insulin, with increased insulin concentrations on day 5. When comparing identical time points on day 1 to day 5, day 5 was always greater (P < 0.02) than day 1 except at 30 min after drenching (0.5 h, P = 0.170; 4.5 h, P = 0.124).
In water cows, insulin concentrations were increased (P < 0.001) at 30 min after feeding ( Figure 4) ; this same increase was not observed after drenching without feeding, indicating that drenching with water had no effect on circulating insulin. At all times on both day 1 and day 5, water cows had decreased (P < 0.05) concentrations of insulin compared to PROP cows. Unexpectedly, there was an effect (P < 0.001) of day on insulin concentrations in water cows, with day 5 being greater than day 1. Insulin concentrations in lactating dairy cows orally drenched with 300 ml of propylene glycol (300 × 4, 300 × 2), 150 ml of propylene glycol (150 × 4), or 300 ml of water (water). Feed was removed and cows were drenched at time 0 in the upper two graphs. Feed was provided and cows were drenched at time 0 in the lower two graphs. Day 1 refers to the first day of every 6 h drenching. All values are mean ± SEM.
Glucose profiles are shown in Figure 5 . Similar to insulin, there was no effect of LH treatment on glucose concentrations (P = 0.953). At all times, PROP cows had greater (P < 0.02) glucose concentrations than water cows, although there were no detectable acute changes in glucose due to drenching (for example, at 4 h when drenching was done in the absence of feeding). On day 1, feeding decreased (P < 0.0001) glucose concentrations in both PROP and water cows at 30 min after feeding. However, glucose profiles of PROP cows were altered by day 5 compared to day 1 ( Figure 5 ). Whereas feeding again caused a decrease (P < 0.0001) in water cows at 30 min after feeding, this feed-induced decrease was later (2 h) and not significant (P = 0.9217) in PROP cows. Speed of feed intake after introduction of feed was not measured; however, it was the impression of the researchers that cows that had been drenched with PROP were less interested in rapid ingestion of offered food, and had a slower, more prolonged time of feed consumption. Overall, there was a dramatic increase (P < 0.001) in glucose concentrations in PROP cows on day 5 compared to day 1, and a smaller but significant increase in glucose in water cows on day 5 compared to day 1 (P < 0.001). In addition, the difference between PROP and water cows was more pronounced (P < 0.0001) on day 5 than day 1. Table 2 shows the overall effects of day (1 vs 5) and treatment (water vs PROP) on insulin concentrations and HOMA-IR values determined prior to drenching (basal) and at 30 min after drenching (peak) in the absence of feeding. There was a significant effect of treatment and day on all four measures. However, there was no interaction of treatment and day on basal insulin and basal HOMA-IR. In contrast, there was an interaction between treatment and day on the peak values of insulin and HOMA-IR, due to much greater increases in the PROP cows on day 5 compared to day 1, further suggesting that these animals were developing insulin resistance and Figure 3 . Glucose concentrations in lactating dairy cows orally drenched with 300 ml of propylene glycol (300 × 4, 300 × 2), 150 ml of propylene glycol (150 × 4), or 300 ml of water (water). Feed was removed and cows were drenched at time 0 in the upper two graphs. Feed was provided and cows were drenched at time 0 in the lower two graphs. Day 1 refers to the first day of every 6 h drenching. All values are mean ± SEM.
were thus less able to respond to the effects of the PROP after continual exposure to elevated insulin concentrations.
There was no effect (P > 0.20) of either insulin or LH, nor any detectable interaction of insulin and LH, on AMH concentrations prior to treatment initiation or E2 concentrations at the time of GnRH treatment (Table 3 ). Progesterone at the time of flushing, on the other hand, was decreased (P = 0.002) by PROP treatment, but LH had no effect (P = 0.868), and there was no interaction of treatments (P = 0.962). The circulating P4 was about 23 ng/ml in the PROP cows and above 29 ng/ml in the cows that were not treated with PROP (Table 3) .
There was no effect of either PROP or LH on numbers of follicles ≥ 9 mm at the time of the ovulatory GnRH injection. There was, however, a negative effect of both PROP (P = 0.0023) and LH (P = 0.0476) on percentage of larger follicles (> 9 mm) that ovulated (ovulation rate) when analyzing the disappearance of follicles after administration of GnRH. For example, 93.7% of large follicles ovulated in the control group, whereas only 74.6% of the large follicles ovulated in the cows with PROP and HLH (P < 0.01). There also tended (P = 0.056) to be lower numbers of ovulations in cows treated with PROP. There were no interactions between PROP and LH for any of these measures (Table 3) .
Treatment with PROP decreased (P = 0.0281) fertilization rate (73.8 % vs. 64.7%). Treatment with increased LH tended (P = 0.0917) to increase fertilization rate (65.8% vs. 72.7%). There was no interaction (P = 0.2627) between PROP and LH on fertilization rate. Recovery rate was defined as the percentage of ovulations that resulted in recovered structures (embryos or unfertilized oocyte) calculated as number of structures recovered/number of CL. There was no effect of treatments on recovery rate. For measures of embryo production or quality (Table 4) , there was no effect of PROP, LH, and no interaction between treatments (P > 0.10) including percentage degenerate, quality 1, or quality 1 and 2 out of total structures or out of fertilized structures.
Correlations were determined between hormonal concentrations, superovulatory response, and fertilization/embryo results, independent of treatment assignment ( Table 5 ). The concentrations of AMH were correlated (P < 0.01) with P4 at the time of flushing (r = 0.36), E2 at the time of GnRH (r = 0.51), and number of ovulations (r = 0.50). There were also correlations (P < 0.01) of P4 with E2 (r = 0.69) and number of ovulations with P4 (r = 0.78) as well as E2 (r = 0.73).
The percentage of ova that were fertilized (more than one cell at flushing) was correlated (P < 0.01) with percentage of embryos that were quality 1 and 2 of fertilized structures (r = 0.62) and number of freezable embryos (r = 0.48) and negatively correlated with percentage of embryos that were degenerate (r = -0.58). Percentage fertilization also tended (P < 0.10) to be negatively correlated with number of ovulations (r = -0.24) and circulating insulin on day 5 (r = -0.23). There were also expected relationships (P < 0.01) between percentage of embryos that were quality 1 or 2 with percentage degenerate (r = -0.90) and number of freezable embryos (r = 0.50).
Discussion
As previously observed [47] [48] [49] [50] , PROP efficiently and acutely increased insulin concentrations, with an increase by 10 min after Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/4/550/3858249 by OUP site access user on 08 October 2018 1 Based on percentage of follicles > 9 mm that disappeared after administration of GnRH. 2 The average number of follicles that ovulated in each cow during each experimental superovulation.
Different letters indicate significant differences between groups at either P < 0.05 (a, b) or P < 0.10 (A, B). Different letters indicate significant differences between groups at either P < 0.05 (a, b) or P < 0.10 (A, B). b P < 0.05 c P < 0.01 1 Number of follicles that ovulated in response to GnRH. 2 Percentage of fertilized structures out of total structures. 3 Quality 1 and 2 embryos out of fertilized structures. 4 Percent degenerate out of fertilized structures. 5 Number of freezable embryos (quality grades 1 and 2). 6 Insulin on day 1, prior to drenching-B = basal. 7 Insulin on day 5, prior to drenching-B = basal. drenching that subsequently peaked by 30 min. In ruminants, PROP is quickly converted to propionate by ruminal bacteria, absorbed directly from the rumen, and rapidly increases insulin secretion from the pancreas, thus circumventing the need for conversion of absorbed PROP to glucose via hepatic gluconeogenesis (reviewed in Nielsen and Ingvartsen [38] ). Ad libitum feeding was also associated with an increase in insulin that peaked at about 2 h. This peak of insulin was associated with a nadir in circulating glucose, probably due to insulin increasing glucose entry into peripheral tissues. In addition, continual PROP treatment appeared to cause some insulin resistance as insulin concentrations on day 5 were greater than on day 1 in PROP cows. Continually elevated concentrations of insulin can downregulate insulin action by decreasing its receptor [51] and/or by negatively affecting proteins involved in the insulin signaling pathway [52, 53] , leading to insulin resistance. In accord with this, glucose concentrations were also elevated on day 5 compared to day 1, suggesting that sensitivity to the actions of insulin was decreased and insulin resistance was developing. The unexpected but less dramatic increase in insulin and HOMA-IR in water cows could be due to experimental stress or extended periods of inactivity associated with the experiment. Thus, our experimental treatments allowed assessment of the effects of increased insulin and other metabolic changes associated with PROP drenching and/or LH on ovarian dynamics, fertilization, and early embryo development.
The superovulatory response was reflected in number of follicles superstimulated by the FSH treatment, number of follicles that ovulated, circulating E2 at the time of GnRH, and circulating P4 at the time of flushing. All of these values were correlated with each other and correlated with circulating AMH concentrations prior to the beginning of experimental treatments. The AMH results are consistent with previous studies showing that circulating AMH is reflective of the small follicle population in individual cows [54] and the superovulatory response [42, 55] . As expected for an experiment using a Latin-square design, all treatment groups had similar AMH concentrations prior to beginning experimental treatments. While neither LH nor PROP affected number of large follicles (≥ 9 mm) present at the time of the GnRH injection, they negatively impacted the percentage of superstimulated follicles that ovulated (ovulation rate). The negative effect of increasing LH on ovulation rate was surprising, since pulses of LH during follicle growth are essential for induction of LH receptors in granulosa cells of cattle [56] , which is critical for development of ovulatory capacity in follicles [57] . Nevertheless, reduced ovulation in the presence of elevated LH is consistent with the decreased ovulation and development of hemmorhagic cysts reported in transgenic mice that express a chimeric LH beta-subunit that increases the half-life of the LH molecule [58, 59] . Furthermore, early luteolysis produced a premature increase in LH and increased incidence of anovulation in mares [60] . Thus, the negative effect of increased LH on ovulation rate was unexpected but not inconsistent with research results in other species.
The negative effect of drenching with PROP on superovulatory response was more dramatic than the negative effect of LH, with numerically lower E2 at GnRH, a tendency (P = 0.056) for lower numbers of ovulations, and significantly lower ovulation rate (P = 0.0023) and P4 concentrations at flushing (P = 0.0019). Consistent with our results, a previous study in women treated with laparoscopic ovarian diathermy in an attempt to induce ovulation observed decreased ovulation in women with insulin resistance, as measured by elevated HOMA-IR [61] . Reduced ovulation in a hyperinsulinemic environment could be due to excessive proliferation of follicular cells and disrupted follicular function, as observed during culture of mouse follicles with elevated insulin [62] . The reduction in circulating P4 at the time of embryo flushing is perhaps reflective of the reduction in ovulations but may also indicate a negative effect of elevated insulin concentrations during follicular growth on subsequent CL function. Previous studies have generally indicated a positive effect of elevated insulin during follicle growth on subsequent CL function. For example, elevated insulin in sows during the later stages of follicular development increased circulating P4 concentrations, despite lower luteal weight [63] , and increased P4 production by cultured luteal cells [64] . In goats, weekly administration of insulin prior to and during gestation also increased circulating P4 [65] . Thus, in contrast to our results, other studies have reported a positive effect of elevated insulin during follicle growth on subsequent CL function; however, our results may be different due to the negative effect of PROP on ovulation rate. Furthermore, in contrast to the present finding of no effect of elevated insulin on circulating E2, others have reported that insulin increased E2 production in lactating dairy cows [66] , superovulated goats [67] , and bovine follicles cultured in vivo [68] . In summary, the most dramatic ovarian effect of treatment was the clear reduction in ovulation rate of superstimulated follicles in the presence of elevated insulin caused by PROP treatment.
The fertilization rate was also reduced by PROP treatment (P = 0.028) and tended to be increased by elevated LH (P = 0.092). The negative effect of PROP on fertilization was also reflected in the negative correlation between fertilization rate and insulin concentrations on day 5 when data from all cows were analyzed. Consistent with our results, a previous study of cultured bovine follicles found that addition of insulin reduced cleavage rates after IVF but did not reduce the percentage of cleaved embryos that developed to blastocysts [69] . In contrast, other studies report no reduction in cleavage rates in hyperinsulinemic cows, although the percentage of cleaved embryos that develop to blastocysts is altered [70, 71] . In this study, fertilization was defined as the presence of two or more cells, or in other words cleavage, though fertilization without cleavage could have occurred in some of the structures that were designated as unfertilized oocytes. Reduced fertilization/cleavage in the presence of elevated insulin could be reflective of oxidative stress and mitochondrial impairment within the oocyte, which could lead to the increased apoptosis of germinal vesicle oocytes and decreased fertilization rates as previously observed in mouse oocytes [72] . However, another study found that addition of insulin during in vitro maturation and culture instead had a positive effect on the oxidation status of the oocyte, as determined by an increased content of glutathione [73] ; fertilization rates were not reported. Thus, while this experiment demonstrated the effects of hyperinsulinemia on fertilization rates in an in vivo model, this does not allow for an in-depth understanding of the mechanism(s) that underlie this action of insulin on fertilization. It seems plausible that this effect is due to a reduction in oocyte quality and viability, although an effect of insulin on the female reproductive tract and sperm transport cannot be discounted. It seems clear that further research is warranted to determine the pathways by which PROP drenching produces reduced fertilization or cleavage in this animal model.
The unexpected tendency for a positive effect of elevated LH on fertilization rate primarily reflects an apparent restoration of normal fertilization by increased LH in cows with elevated insulin. Consistent with our study, a randomized, controlled clinical study of human patients supplemented with recombinant LH during recombinant FSH treatment compared to recombinant FSH treatment alone found that LH increased (P = 0.03) fertilization rate [74] and another study [75] reported a nonsignificant increase in fertilization due to LH supplementation (62.9 vs 47.6), whereas a third study [76] found no effect of LH supplementation of patients on fertilization of collected oocytes [76] . In contrast, an older study in humans reported reduced fertilization of oocytes from patients with elevated LH concentrations [20] . A recent study from our laboratory found that increasing LH during a superstimulatory protocol reduced fertilization rate in lactating cows with elevated insulin concentrations but increased fertilization rate in cows with reduced circulating insulin caused by feed restriction [77] . As with hyperinsulinemia, further research is needed to understand potential effects of elevated LH concentrations and its interaction with insulin during follicular development on subsequent oocyte fertilization.
As opposed to the original hypothesis, there was little effect of either LH or insulin on measures of early embryo quality. The percentage of structures that were degenerate, quality 1, or quality 1 and 2 of either total collected embryos/oocytes or fertilized structures was not altered by either treatment. This contrasts with some clinical observations of negative effects of increased circulating LH on reproduction [15] [16] [17] [18] but is consistent with more recent work that increased circulating LH did not reduce clinical pregnancy or live birth rates [21] [22] [23] [24] [25] . Our results also contrast with some previous animal studies that reported a negative effect of potentially insulinogenic diets on embryo quality in superovulated cows [12] and superovulated sheep [13] . In addition, hyperinsulinemic heifers that had ultrasound-guided oocyte recovery followed by IVF and embryo production had reduced percentage of cleaved embryos that developed to blastocysts compared to normoinsulinemic heifers [70] . A reduction in in vitro blastocyst yield was also observed for oocytes collected from heifers that were hyperinsulinemic with low body condition score (BCS) but not for heifers with moderate BCS [71] . A field survey comparing BCS with embryo yield during superovulation found that cows with BCS above 3.5 (on a 5-point scale with 1 having the lowest and 5 having the greatest body condition) had reduced excellent grade embryos, whereas cows with BCS of 2.75 produced more blastocysts than heifers with BCS of 3.25 or 3.5 [78] . Nevertheless, consistent with our results, elevated insulin during in vitro maturation of bovine oocytes produced no effect on percentage of cleaved embryos that developed to blastocysts [68] . Physiologically important negative effects of elevated insulin and/or LH may not have been observed in our study due to several potential reasons. First, embryos were graded solely on visual appearance. While this method of classification provides evaluation of gross appearance of the embryos, it fails to provide any characterization of potential genetic or metabolic abnormalities that may compromise later stages of development. Second, treatments in our study were only administered during follicular development; there could potentially be direct negative effects, particularly of insulin, on the early embryo or on the uterine environment during early embryo development. These effects would not be observed with this experimental design. Finally, cows in this study were kept on a maintenance diet throughout the experiment. This was done to prevent the potential confounding effects of changes in BCS and weight during the course of the full Latin-square experiment. However, maintenance of a moderate BCS and lack of weight gain during the course of the experiment may have reduced any possible effects of insulin or LH on embryo quality. Thus, in contrast to some other studies, we observed no effects of insulin or LH on embryo quality in our study.
It is appropriate to consider whether our results may be useful in understanding clinical results in PCOS women. Most PCOS women exhibit elevated LH pulse frequency [11] , elevated circulating insulin [79, 80] , and even overt insulin resistance [81] . Thus, our treatments may mimic some of the physiological conditions present in PCOS women. Nevertheless, women and cattle typically only ovulate a single oocyte at a time and the superovulatory experimental design that we selected, while allowing us to have sufficient numbers of embryos to test our hypotheses, may produce reduced fertilization rate (reviewed by Sartori et al. [82] ) and reduced proportion of higher quality embryos [83] . In spite of this concern, the power of our experimental design, with all cows subjected to all treatments, gives some confidence in concluding that acute hormonal imbalances, particularly elevated insulin, during the last few days before ovulation can lead to reduced fertilization rate but did not alter early embryo development, at least from a morphological perspective. While it was not originally hypothesized that treatments would affect fertilization rates, this appears to be reflective of studies in PCOS patients that have found decreased fertilization rates in IVF protocols [84] [85] [86] . Nevertheless, one limitation of our experimental design is that cows had induced hyperinsulemia and elevated LH for only a very limited time period (∼5 days), whereas women with PCOS may have been experiencing these hormonal imbalances for many years prior to attempting to conceive. In addition, many of the fertility effects of PCOS relate to pregnancy loss and this important problem was not addressed in our study of early embryo development. It should be emphasized that the animal model that we are using, a ruminant, is likely to be very different from other animal models and from humans due to the clear differences in circulating metabolites, hormones, and potential gamete sensitivity to stimuli. In addition, use of superstimulation of follicle growth with excessive FSH and superovulation is likely to produce substantial differences in circulating hormonal concentrations and changes in ovarian and embryonic function that may not accurately represent the natural, monovular state in cattle and other species. Nonetheless, our results provide support for the idea that increased insulin and LH during the preovulatory follicular wave may underlie some of the effects of elevated insulin on fertility.
In conclusion, these results indicate that a fairly dramatic elevation in circulating insulin, produced by administration of PROP every 4 h, or circulating LH during the final few days of follicle development had surprisingly little effect on embryo quality and percentage of embryos that were degenerate during the first week after ovulation. However, both of these treatments, particularly elevated insulin due to drenching with PROP, reduced the percentage of superstimulated follicles that ovulated, although they did not alter the superstimulatory response to FSH treatments. In addition, PROP reduced the fertilization rate of superovulated oocytes, perhaps reflecting detrimental effects of insulin on the oocyte during follicular development or on the hormonal environment near the time of fertilization. These results are important for understanding the precise effects that hormonal abnormalities, such as insulin resistance, can produce in the reproductive process of various species, including cattle and humans.
